Introduction
At the beginning of the 20th century, J. F. Norris and F. Kehrmann independently discovered that when triphenylmethanol and triphenylmethyl chloride were dissolved in concentrated H 2 SO 4 , the color of the solution changed from colorless to deep yellow. 1 These observations along with von
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paved the way for the first stable "carbocation" in chemistry, commonly known as the trityl cation. Following a series of debates over the nomenclature of this class of compounds, chemists finally accepted Olah's categorization of carbocations based on the valency of the charged carbon: carbenium ions (CR 3 + ) and carbonium ions (CR 5 + ). 3 The last century has witnessed a remarkable progress in the isolation of various stable carbenium ions, in understanding their structural and bonding properties, and in the investigation of their reaction chemistry.
Considering the rich chemistry displayed by carbenium ions, the realization of their heavier analogs i.e. [R 3 E + (E = SiPb)] has become one of the important areas of modern inorganic chemistry and is still an area of continuous investigation. However, in contrast to the thoroughly studied chemistry of carbenium ions, only a little is known about the chemistry of heavier group 14 cations. The cations of heavier group 14 elements can be classified into two distinct groups, based on the oxidation state of the atom (Scheme 1). The most common class of the cations is tetrylium ions (I) (group 14 is called the tetrel group), which possess six valence electrons and are considered as heavier analogues of carbenium ions (R 3 C + ). The generation of such a cation is easier in the gas phase, which provides an environment devoid of possible interfering solvents. However, their generation in the condensed phase is very difficult due to the highly electrophilic nature of R 3 E + and their propensity to react with any donor moiety, even with arenes. Therefore, bulky donor substituents are required to quench the electrophilicity of the cation as well as to shield the cationic center from any nucleophilic attack. With these new synthetic strategies as well as taking advantages of the low nucleophilicity of borates and carboranes as counter anions and toluene as a solvent, Lambert However, the Si centers in these silylium cations adopted a markedly pyramidal geometry instead of the expected planar geometry and resonated at δ = 92.3 and 102.8 ppm in their respective 29 Si NMR spectrum. The calculated gas phase chemical shift of Et 3 Si + was 354.6 ppm, 5 which was considerably downfield than the experimentally observed values. Consequently, the cationic character of Si atoms in these compounds was heavily questioned and eventually both Lambert and Reed agreed that neither [Et 3 Si(toluene)] + nor
[iPr 3 Si] + were "bona fide" silylium cations. 6 The state of affairs was similar to those of germanium and tin. computationally predicted to resonate at δ = 1500-2000 ppm. 8 Thus, a lot of controversies were sparked and simultaneously a huge effort was dedicated for the isolation of three-coordinate trigonal planar tetrylium ions. This was finally accomplished in 2000s with the isolation of "bona fide" three coordinate 10 [{Tipp 3 Sn + }-{B(C 6 F 5 ) 4 } − ], (Tipp = 2,4,6-iPr 3 -C 6 H 2 ) cations (Chart 1). 11 Subsequently, the advances in the syntheses of novel condensedphase cations as well as the reactivity studies have become important research areas with mainly two fold objectives: (i) to study these exotic compounds in the solid state due to the paucity of previous reports of structurally characterized heavier analogues of carbenium ions and (ii) to explore these species as efficient Lewis acid catalysts. Hallmark studies by Lambert, Reed, Müller, Corriu, Belzner, Oestreich, and others not only led to the isolation of many more such derivatives but revealed them as potential Lewis acids in homogeneous catalysis.
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Their enhanced electrophilicity has already been exploited in Diels-Alder reactions, 13 C-C bond formation, 14 and C-F activation reactions, 15 as well as in small molecule activation e.g.
dihydrogen.
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Another distinctly different class of group 14 cations is tetrylium-ylidenes (II) (Scheme 1), which features a group 14 element with a lone pair. It can be imagined that a species of composition (RE: These results kick-started the chemistry of low-valent Si(II) cations although the existence of monocoordinated Si(II) cations is yet to be established.
In contrast to carbon and silicon atoms, germanium, tin, and lead are more stable in their M II oxidation state as the stability increases with the increase of the principal quantum number. Going down the periodic table, the s-p separation increases with increasing nuclear charge. As a result s/p hybridization becomes more and more difficult, leading to the "inert s-pair effect", in which only the p electrons are used in the bonding. Therefore, the isolation of LE: attractive and promising. These arguments justify the requirement of a review at this juncture dedicated solely to tetrel(II) cations, which will extensively kindle further interest, directed towards its development. This present review will deal with the available synthetic routes for the preparation of cations of heavier group 14 elements in low oxidation states, starting from the compounds of the composition Cp*E + , which were the first to be prepared. We shall mainly concentrate on the cations stabilized by using bulky ligands. We shall also cover the transition metal supported E II (E = Si-Pb) cations. The literature coverage of this review is up to 2014. Because it is difficult to definitively conclude the formation of the cations by spectroscopy alone, we have chosen to mainly cover compounds which were structurally characterized by single crystal X-ray diffraction studies.
The ligands
The isolation of the aforesaid compounds and various other remarkable subvalent compounds of silicon, germanium, tin, and lead would not have been feasible without the appropriate choice of ligands that afford thermodynamic stabilization through the donor sites and kinetic stabilization through bulky substituents (Chart 2). For decades, organometallic chemistry and to a lesser degree the study of main group elements, has focused on the study of complexes bearing the cyclopentadienyl ligand and its ring-substituted derivatives. A current trend in main group chemistry is the search for alternative ligand sets which are able to attenuate the reactivity of subvalent main group compounds and allow their isolation. Among them, β-diketiminato ligands have emerged as very versatile ligands in recent years. 26 A major advantage of the β-diketiminato ligands is that the steric and the electronic environment of these ligands can be fine-tuned with minimum synthetic effort. This flexibility allows a degree of control over the chemistry at the metal center and can be attributed for the widespread use of β-diketiminato ligands for stabilizing the highly reactive species etc.
In an effort to explore the feasibility of isolating dications of heavier group 14 elements in the +2 oxidation state, synthetic chemists moved from the formally anionic ligands and focused on neutral ligands like N-heterocyclic carbenes (NHCs). Baines and coworkers introduced NHC for the isolation of the first Ge(II) dication coordinated by three IiPr (1,3-iPr 2 -imidazol-2-ylidene) groups (vide infra). 27 Similar to β-diketiminato ligands, NHCs also offer high synthetic flexibility by varying the "wingtip" substituents (substituent at the nitrogen atom), which makes them one of the most sought after ligands in main group chemistry. 28 Another leading motif over the last few years has been the linking of two NHCs by several bridging spacers to generate discrete multitopic bis-NHCs, which exhibit high affinities toward a broad range of metals. 29 Complexes featuring such ligands are stabilized by the chelate effect and offer various possibilities for tuning their geometric and electronic properties.
The enormous success of NHCs prompted the investigation of other carbon-based neutral ligands. disilene, flexibility in bonding modes of Cp* groups, low activation energy for the equilibrium process, and a small energy difference between 2 and 3. 50 However, under ambient conditions, the silylene fragment was inserted into one of the C-H bonds of the Cp* ring leading to a rearranged product 7′. The substitution reaction with the lithium disilenide [Tipp 2 SivSi(Tipp)(Li{dme} 2 )] led to straightforward access to the first cyclotrisilene with only carbon-based substituents (8) (Scheme 4). 51 The study of compounds featuring low valent main group elements continues to be a worthwhile subject due to their anticipated application in metal free catalysis. Recently, 1 has been found to catalytically convert 1,2-dimethoxyethane (DME) to 1,4-dioxane and dimethyl ether (Scheme 6), which is a rare example of a metal free catalytic transformation. 52 Ab initio calculation suggests that the O→Si dative bond in the DME→1 complex is electrostatic in nature and the subsequent enhancement of positive charge at the silicon center facilitates the attack of another equivalent of DME. This catalytic process is found to be useful for a range of oligo(ethylene glycol)diethers, leading to 1,4-dioxane and dimethyl ether in each case.
Donor stabilized Si(II) cations
Stabilization of Si(II) cations can be achieved intra-molecularly by using N-donor ligands. Among various N-donor ligands, β-diketiminates with 2,6-disubsituted aryl groups on the nitrogen atoms have been recognized by many groups as a means of stabilizing low coordinate complexes. 
. 20 It is noteworthy here that 10 readily decomposes when dissolved in CH 2 Cl 2 , whereas 11 showed no sign of decomposition in CH 2 Cl 2 .
Presented in Table 1 are selected NMR data for the related silicon(II) compounds. In general, more cationic charge Scheme 5 Synthesis of iron-substituted silylene (7) from 1 and its rearrangement.
Scheme 6 Metal free catalytic cycle for conversion of DME to 1,4-dioxane.
Scheme 7 Synthesis of β-diketiminato ligand supported Si(II) cations, 10 and 11. density on the silicon center results in a more downfield shifted 29 Si resonance. However, both 10 (δ = 40.5 ppm) and 11 (δ = 69.3 ppm) exhibit upfield shifted resonances compared to that of 9 (δ = 88.4 ppm) although the Si centers in 10 and 11 are more Lewis acidic in nature. This was presumably a consequence of a p π -p π interaction between the π-electron system of the β-diketiminate ligand and the Si atom. Moreover, the γ-H resonances of 10 (δ = 6.79 ppm) and 11 (δ = 6.92 ppm) also indicated the existence of aromatic ring current in the systems. X-ray studies on 10 and 11 showed that the six-membered SiC 3 N 2 rings were planar and the endocyclic N-C bond lengths were shortened by 0.05 Å compared to those in 9. Such features were in accord with the aromatic nature of these systems, which was further confirmed by nuclear independent chemical shift (NICS) calculations (NICS (1) (Scheme 13). 59 Determining the nature of the Pt-Si bonds is rather difficult. Two possible resonating structures are presented in Scheme 13. Natural population analysis (NPA) revealed a high fraction (+1.219) of overall positive charge to be accommodated on the Si center. NBO analysis also indicated the preference of a charge separated structure over a neutral one. However, it would not be erroneous to imagine that the real nature of this cation is somewhere between the two resonance extremes.
Ge(II) and Sn(II) cations and dications
In contrast to silylenes, germylenes and stannylenes are less reactive due to the larger energy gap between their s-and p-orbitals. Therefore, the chemistry of Ge(II) and Sn(II) cations was developed rather much ahead of Si(II) cations. 69 The protonation took place at the C-4 position instead of germanium and as a result the ligand underwent a shift from di-anionic to mono-anionic by rupturing the symmetry of the GeN 2 moiety. The molecular structure of 30 revealed that one ether molecule is strongly coordinated to the Ge atom. Although exhibiting no interaction with the benzene solvent, 31 was weakly bound to the borate anion through the fluoride atoms. A detailed theoretical calculation was carried out by Müller et al. to understand why the protonation took place in the C-4 position instead of Ge. It was observed that the C-protonated product was more stable than the hypothetical Ge-protonated product by 68.3 kJ mol −1 (B3LYP/ 6-311G) and 44.8 kJ mol −1 (MP2), respectively. Another underlying factor responsible for this regioselective protonation is the formation of a C-H bond instead of a highly polarized Ge-H bond. Interestingly, the P-C-Ge-Cl torsion angle in 36 + (Fig. 2) was only 8.18°, a feature that facilitated good overlap between the filled p orbital of C and the vacant orbital of Ge, leading to the shortening of the C-Ge distance (1.954(2) Å) than that in (Ph 3 P) 2 C·GeCl 2 (2.063(2) Å). The WBI of the C-Ge bond in 36 (0.84) was considerably higher than that in (Ph 3 P) 2 C·GeCl 2 (0.54), revealing further a significant strong π-donation from the central carbon of (Ph 3 P) 2 C to the germanium atom. The HOMO of 36 + represents mainly the σ-lone-pair while the HOMO−1 corresponds to a C-Ge π-bonding (Fig. 3) . The LUMO of 36 + which was associated with a π* (C-Ge) orbital became populated upon addition of 4-DMAP leading to an increase of the C-Ge bond length (2.053 (3) from the direct reaction of the substituted Schiff base 2,6-diacetylpyridinebis-(2,6-diisopropylanil) with the corresponding dihalides (Scheme 23) (Fig. 4) . 75 Applying the same synthetic Scheme 23 Lewis base induced ionization of germanium and tin halides.
Scheme 21 Carbodiphosphorane stabilized Sn cation and its derivatives. 
Dications of germanium(II) and tin(II).
Significant advances have been made in the isolation of Ge(II) and Sn(II) dications which were earlier detected only by spectroscopic studies and considered as reactive intermediates. In particular, Baines and coworkers described the elegant use of different neutral ligands to accomplish the synthesis of Ge(II) dications. 27 Utilizing the unique donor aptitudes of sterically (Fig. 5 ).
Another elegant variation of the NHCs is the linking of two NHCs using a borate spacer, which gives the ligand a certain degree of flexibility. This ligand has been recently used for the isolation of a compound featuring a Ge-Ge bond where one Ge atom is monocationic and another Ge atom is dicationic. 79 The preparation of 53 is unique (the reaction sequence is shown in Scheme 26) and represents a tour de force in organometallic synthesis. A key step in this sequence was the generation of the zwitter-ionic Ge(II) cation (50) were significantly closer to the Sn atom than the remaining third toluene molecule leading to an unsymmetrical coordination around the Sn atom. The large isomeric shift (4.14(1) mm s −1 ) confirmed the +2 oxidation state of the Sn center and indicated that the Sn(II) valence electrons reside in orbitals that are almost exclusively of 5s character. Computations showed significant charge transfer from the arene ring to the empty p orbitals of the Sn atom leading to accumulation of high positive charge (+1.28) on the Sn atom.
Cationic polyether complexes of germanium(II) and tin(II)
81 Baines and coworkers demonstrated successful implementation of the polyether ligation approach to stabilize a "naked" germanium(II) dication (55  2+ ) using an electron rich [2.2.2]-cryptand (Scheme 28). 35, 82 The Ge(II) center is encapsulated within the cryptand -presumably stabilized by numerous weak donor-acceptor interactions due to the presence of six oxygen and two nitrogen atoms in the cavity (Fig. 6) . The anion OSO 2 CF 3 exhibits no bonding interaction with Ge 2+ . The Ge-N and Ge-O distances (2.524 (3) showed that the purported oxidative addition products of water and ammonia are less stable than the adducts by 13 kJ mol −1 and 57 kJ mol −1 , respectively, which can be attributed to the preferential formation of the O-H bond rather than the Ge-H bond. The hydrogen abstraction from 62 with a suitable base like pyridine, ammonia, NHC etc. was found to be feasible, as the formation of the corresponding conjugate acids was detected in the 1 H NMR spectra. Such dehydrogenation would lead to multiply bound Ge-X [X = O or N] bonds, the formation of which was computationally supported with the increase of the electron density of the putative dehydrogenated variants at the bond critical points. 4.1.5. Transition metal supported cations of germanium(II) and tin(II). Now, we turn our discussion to another synthetic approach, where instead of a bulky organic ligand, an electron rich coordinatively unsaturated transition metal fragment was employed to stabilize Ge(II) and Sn(II) cations. Traditionally the construction of tetrel(II) cationic complexes follows two steps: (i) the oxidative addition/the adduct formation of the E-X bond to the transition metal and (ii) abstraction of the halides from the resulting transition metal-germanium/tin complexes. The idea of using transition metal fragments to stabilize p-block cations was put into practice by Filippou et al., who reported the isolation of trans-[(dppe) 2 WSn-C 6 H 3 -2,6-Mes 2 ] + (72) (dppe = 1,2-bis(diphenylphosphino)ethane). 87 A sterically demanding and electron donating substituent was used to stabilize the cationic fragment. Since then a range of cationic complexes of germanium and tin incorporating various transition metals have been synthesized (vide infra). Their preparation and isolation still depends on the use of stabilizing substituents. So far, mainly Cp*, Mes* (Mes* = 2,4,6-tBu 3 -C 6 H 2 ), pincer based moieties have been applied. The oxidative addition of the Sn-Cl bond in 2,6-Mes 2 -C 6 H 3 SnCl to trans-[dppe] 2 W(N 2 ) 2 , followed by salt elimination afforded the cation, 72 (Scheme 32). Replacing the 2,6-Mes 2 -C 6 H 3 substituent by a Cp* moiety, the same group isolated the germanium variant, 73.
88 Both Sn and Ge atoms adopt a nearly linear geometry with WuE triple bond distances of 2.4641(7) and 2.303(1) Å, respectively. Subsequent theoretical calculations suggested that the π-back donation from W to germanium/tin may indeed contribute to the stability of these cations. One may raise the question here that the formal oxidation state of Sn in 72 and 73 is not +2, so they are not "true" germylium and stannylium ylidenes. Although we do not completely disagree with this tenet, but such a classification for transition metal supported p-block cations is always questionable taking into account other resonance contributors manifesting a germylium or stannylium character. Therefore, for the sake of completion we incorporated these cations in the review.
The metathetical reaction between bulky pincer based ligands with (THF)W(CO) 5 The high field resonance of the cationic Pb center in 80a (−5041 ppm) and 80b (−4961 ppm) was observed presumably due to η 5 coordination of the cyclopentadienyl ligand to the metal center. 80a was structurally characterized which revealed a pentagonal-pyramidal geometry around the Pb atom. The shortest Pb-F bond length in 80a was of 2.831(9) Å, which was relatively long and can be classified as a weak interaction, but was still sufficient for the preferred formation of the dimeric units. The Lewis acidic nature of 80a was confirmed through its reactions with 2,2′-bipyridine and 1,8-naphthyridine, which formed 1 : 1 adducts. Pb(II) cations and dications were structurally similar to the analogous Sn(II) cations upon comparison of bonding motifs and metrical parameters. The Pb centers in 85a and 85b revealed weak bonding interactions (3.420(1) Å) to the chloride ion in the counter-anions. In the solid-state form, 86 also exhibited a weak interaction of the Pb atom with the two chloride atoms of two aluminate counter-anions. Detailed theoretical investigations were additionally carried out to further characterize the bonding situation in these complexes. It was proposed before that the Pt(0) and Pb(II) fragments in the starting material (Pt(PCy 3 ) 2 →PbCl 2 ) donate σ-electron density to each other, leading to the concept of "synergic σ-donation", 91b which was further proposed by Su et al. in the transition metal complexes featuring multiple bonds between group 10 and group 14 elements. 95 A recent EDA-NOCV study by Braunschweig et al. revealed that the Pt-Pb bond in (Pt(PCy 3 ) 2 →PbCl 2 ) is a Pt→Pb dative bond whereas in 85 and 86, it is an electron sharing bond. So, the real bonding phenomena of these complexes are not very well defined and clearly require further theoretical investigation.
Conclusions
It is clear from the foregoing discussion that despite being a relatively new field, the chemistry of cations featuring heavier group 14 elements in low oxidation states is rich and diverse. Perhaps experimental charge density studies of a few of these cations would bring more clear pictures of their bonding situation. The selection of ligands has turned out to be often decisive in the synthesis of these compounds because the stabilization requires the usage of sterically encumbering ligands with donor substituents. Therefore, the design of many more new ligands for stabilizing low oxidation species continues to be a central theme in this area and will remain so for many more years. For example, the emergence of carbodiphosphorane, which is a simultaneous σ-and π-donor and its utilization for realizing two coordinate [Ge-Cl] + (36 + ) will rival NHC for the stabilization of low coordinate group 14 cations in the coming years. In a similar way, bis-carbene has already obtained a foothold in silicon (13 + ) and germanium (48 + and 53) chemistry and many more such fascinating compounds supported by bis-carbene ligands are expected. The use of macrocycles to protect and stabilize germanium(II) and tin(II) cations and dications rendered an alternative route to the stabilization of low valent species. Bearing in mind the infancy of cations of heavier group 14 elements in low oxidation states, there are plenty of objectives to achieve and problems to solve to develop the fundamental aspects of this field. For example, a monocoordinate silicon(II) cation, which is truly a higher homologue of HSi + is elusive.
The scenario is the same for other heavier group 14 elements. Similarly, a Si(II) dication encapsulated in crown ethers or cryptands is yet to be realized and remains as a sought after goal. One would also notice that unlike silicon and germanium, no monomeric tin(II) cation was reported with neutral ligands like NHC or carbodiphosphorane which is due to the poor overlap between 2p (C) and 5p (Sn). The examples of Pb(II) cations and respectively (Scheme 38). These results ensure that the search for new chemistry involving heavier group 14 elements will not abate anytime soon. However, more systematic studies of the reactivities of such cations are highly desirable. The main target in this chemistry is metal-free catalysis which is yet to be realized. Nevertheless, catalytic conversion of 1,2-dimethoxyethane to 1,4-dioxane by 1 is a very promising step towards metal free catalysis and it is only a matter of time before this goal will be accomplished. − to be an effective co-catalyst for Ziegler-Natta olefin polymerization, which manifests that low-valent group 14 cations are not only of academic interest but also have potential for applications in industrial processes.
